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Angiogenic oligosaccharides of hyaluronan were applied to the backs of young, adult male rats and the number of blood vessels, within a depth of 136 f.l.m beneath the base of the epidermis, were evaluated. Application of hyaluronan oligosaccharides significantly increased the mean number of blood vessels/mm skin length in six of 11 treated rats when compared with controls. Application of radiolabeled hyaluronan oligo saccharides to skin of one rat demonstrated a penetration to a depth of approximately 800 J,lm, suggesting that the blood vessels beneath the epidermis would be A s part of the natural ageing process, the rate of skin regeneration slows and a marked reduction in blood flow has been reported [1] . In post-menopausal women this reduction in blood flow is associated with fewer blood vessels and a "thinning" of the skin. Such "thinning" is thought to be related to the inability of skin to retain interstitial fluid, and may be dependent on the concentration of the glycosaminoglycan hyaluronan (HA) within the skin [2, 3] . HA has been localized to both the epidermis and dermis of skin [4 -8] and in some species dermal fibroblasts possess estrogen receptors where the rate of HA synthesis may be estrogen sensitive [3] . Thus, reduced HA synthesis by fibroblasts within the dermis of post-menopausal women may directly cause reduced skin thickness. HA has also been reported to affect epidermal cell differentiation and reduced levels may slow epidermal regeneration, once again accelerating the ageing process [3] .
Deleterious alterations in the rate of skin regeneration are also observed as a result of radiation therapy on deeper tissue [9] . Such irradiation-derived skin damage occurs late, is largely a result of vascular injury, and limits the total dose that can be given differentially [10] .
HA has been implicated in the angiogenic process in several systems and has been applied to skin in an attempt to influence vascularization and prevent thinning; however, the results have been equivocal. Balazs [11] reported that topical application of highmolecular-weight HA increased the moisture content of the skin but did not observe increased vascularity. This observation may be expected because high-molecular-weight HA would not penetrate far into the skin and would most likely only affect the superficial Manuscript received September 16, 1993; revised May 5, 1994 ; accepted for publication May 10, 1994. Reprint requests to: P. Rooney, University of Leicester, Department of Orthopaedic Surgety, Glenfield Hospital NHS Trust, Groby Road, Leicester, LE3 9QP, U.K.
Abbreviations: BAEC, bovine aortic endothelial cells; HA, hyaluronan.
exposed to the hyaluronan. Hyaluronan has previously been shown to stimulate endothelial cell proliferation; we demonstrate here that these hyaluronan oligo saccharides also specifically stimulate endothelial cell migration. This action ofhyaluronan oligosaccharides may prove useful in retarding blood vessel paucity and degeneration observed during the ageing process and following radiotherapy. Key words: skin vascularization/ hyaluronanjangiogenesis. J Invest Dermatol 103:576-579, 1994 layers of the epidermis. Furthermore, high -molecular-weight HA is not angiogenic and in certain circumstances may even be anti-angiogenic [12, 13] . In contrast, oligosaccharides of HA (3 -10 disaccharide units in length) are angiogenic in vivo [14, 15] . The mechanisms by which HA oligosaccharides stimulate angiogenesis are unclear. We have demonstrated that HA oligosaccharides stimulate endothelial cell proliferation and migration and enhance the synthesis of collagen types I and VIn in vitro-events associated with angiogenesis [15, 16] . In this report we have investigated whether the application of angiogenic oligosaccharides ofHA to adult rat skin influences vascularization and whether the oligosaccharides act specifically upon endothelial cells. We demonstrate that the oligosaccharides are capable of diffusing to a depth of approximately 0.8 mm and that they significantly increase blood vessel number immediately beneath the epidermis. In addition, we show that HA oligosaccharides specifically enhance endothelial cell migration but not that of fibroblasts or smooth muscle cells.
MATERIALS AND METHODS
Angiogcnic Oligosaccharidcs of HA Angiogenic fragments of HA were prepared as described previously (14) . Five hundred milligrams of human umbilical vein HA (Sigma) was dissolved in 50 ml of 0.1 M sodium acetate buffer (pH 5.4), containing 0.15 M NaCl and 20,000 units of bovine testicular hyaluronidase (Sigma) and incubated at 37°C. At regular intervals (2, 4, 6, 8 , and 24 h), 10 ml aliquots were removed and the reaction was terminated by the addition of 1 ml of 100% trichloroacetic acid (TCA, Sigma). The precipitate was removed and supernatants from matched time aliquots were pooled and dialyzed in Spectra/Por 6 tubing (cutoff size, approximately 1000 Da) against distilled water for 24 -48 h at 4°C with at least four changes and lyophilized. Lyophilyzed HA was dissolved in 20 ml of 0.1 % acetic acid and loaded onto a G50 Sephadex column (2. 6 X 180 em) equilibrated in the same buffer. The column was eluted with 0.1 M acetic acid at a flow rate of 20 ml/h and 10 ml fractions were collected. Each fraction was assayed for its uronic acid content using a modification of the Bitter and Muir carbozole method, with glucuronic acid as standard [17) . Individual fractions were combined to give three pools of differing size distributions, i.e., pool 1, pool 2, and pool 3. Each pool was lyophilized and 0022-202X/94/S07.00 Copyright © 1994 by The Society for Investigative Dermatology, Inc. t --·~m 1cm Figure 1 . Digrammatic representation of the application of HA oligosacchari des and the harvesting of tissue portions for histology. Two rectangular regions, approximately 4 X 1 em, separated by a 0.5-cm gap, were marked with a crystal violet pen, HA oligosaccharides were added to one of these regions, and citrate buffer added to the other. The skin to be treated was determined by tossing a coin. At the end of the experimental period, treated and control regions of skin were excised and separated into two 4 X 1 em strips, each strip was sub-divided into six portions approximately 1 cm X 0.7 cm, and each portion was processed for wax histology. Transverse sections were cut perpendicular to the S face. S, skin surface. re-dissolved in distilled water at least three times, to give a product free of acetic acid.
The size range of oligosaccharides in each pool was determined by incorporating [3H]-glucosamine-labeled HA and analyzing each fraction by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SOS-PAGE) and fluorography [14] . Successive bands differ on gels by one disaccharide unit; therefore, precise definition of the size range could by ascertained by comparing bands with known molecular sizes of radio labeled octa-, hexa-, and tetrasaccharides ofHA. Pool 1, pool 2, and pool 3 consisted of oligosaccharides of> 16, 10-16, and 3-10 disaccharide units, i.e., mo lecular weights of approximately> 7200,4500-7200, and 1350-4500 Oa, respectively.
The greatest angiogenic response, on the standard chicken chorioallantoic membrane assay [14] , was obtained with HA that had been digested with hyaluronidase for 2-8 h; no angiogenic response was observed when HA was digested for 24 h. Pool 1 was non-angiogenic and pool 2 was usually non-angiogenic, whereas pool 3 was consistently angiogenic and thus only pool 3 was used in skin-application experiments described below.
Application of HA to Rat Skin and Evaluation of Blood Vessel Number Male, Spraque-Dawley rats were anesthetized (halothane, N 2 0 2 , O 2 ) and their backs were shaved. Two rectangular regions, approximately 4 X 1 cm, separated by a 0.5-cm gap, were marked with a crystal violet pen (Fig 1) . HA pool 3 (20 pgjml), in citrate buffer (0.1 M, pH 3.5), was added to one of these regions and citrate buffer alone added to the other. Each sample was applied using a pipette tip and spread over the region. The choice of which region received the HA was determined by the toss of a coin. HA or buffer was applied twice daily for 5 d, always under anesthesia. Rats were killed 3 d after the cessation of the treatment, i.e., 8 d after beginning treatment. Treated and control regions of skin were excised and separated HA OLiGOSACCHARIDES STIMULATE SKlN VASCULARIZATION 577 into two 4 X 1 cm strips, each strip was sub-divided into six portions approximately 1 cm x 0.7 cm (Fig 1) and each portion was processed for wax histology.
Transverse sections were cut perpendicular to the 1 cm face (Fig 1) and the number of blood vessels within one microscope field (X100 = 136 pm) of the base of the epidermis were counted. Three random sections were examined per portion, i.e., 18 rreated and 18 control samples were examined per animal. Eleven rats were used in this study. The length of the epidermis in these same samples was measured on a computerized image-analysis system and the number of blood vessels per unit length was calculated. Sections were cut and coded by one worker and were examined blind by another; samples were identified as treated or control only after they were counted and measured in length. Statistical analysis was performed using SAS version 6.07. Samples were found to be normally distributed and analysis of variance was perfonned using a one-sided test.
Production of Radio labeled HA and Application to Rat Skin Metabolically labeled HA was purified from the media of cultured B6 hybrid cells grown for 72 h in the presence of [3H] glucosamine (10 pCi/ml) (Amersham) [18] . Cell-free media was dialyzed extensively against distilled water, lyophilized, and dissolved in 100 ml of 50 mM sodium phosphate buffer (PH 6.8), containing 1 M NaCl, 1 mM ethylenediaminetetraacetic acid,S mM cystine. Papain (100 pgjml) was added and the mixture was incubated at 60 · C for 16 h. A second addition of papain was made and the incubation was continued for a further 6 h when the reaction was stopped by the addition of TCA to a final concentration of 5% (w jv).
The TCA precipitate was removed by centrifugation at 10,000 X g for 30 min at 4· C and the supernatant was dialyzed against distilled water and then 50 mM sodium phosphate buffer (pH 6.8). The dialyzed supernatant was applied to a column of diethylaminoethyl-cellulose (DE52, 2.5 X 20 cm) and eluted with a linear gradient of 0-0.8 M NaCI in 50 mM sodium phosphate buffer. Ten-milliliter fractions were collected and monitored for their 3H content. HA eluted as a single peak, at approximately 0.3 M NaCI. The final product had a specific activity of 60,000 dpmj pm and a molecular mass of approximately 10 6 Da [18] . This radiolabeled HA was digested as above and a fraction comprising HA of six disaccharide units was harvested and used below.
Radiolabeled HA (34,000 dpm), in 10 pi citrate buffer was applied to a l-cm circle shaved on the back of one young adult Spraque-Dawley rat under genera l anesthesia (as above). The radiolabeled HA was left for 4 h when the entire shaved area was excised to the depth of muscle and processed for frozen sectioning. To eva luate the extent of penetration of the radiolabel, 40-pm -thick sections were cut from the fatty side upwards, until the entire tissue had been cut through, and dissolved in NaOH, and the amount of radioactivity in each entire section was evaluated in a scintillation counter. The depth of penetration of radio labeled HA was determined by calculating backwards from the surface of the tissue.
In two other rats, radio labeled HA was extracted from individual tissue sections and an attempt was made to determine the size of the HA in the deepest layers of the skin by SDS-PAGE and fluorography as describred above.
Cell Culture

Bovitle Aortic Endothelial Cells (BAEe) a"d Bovitle Smooth Muscle
Cells: Fresh bovine aortas were opened longitudinally and washed in phosphate-buffered saline. The lumen was gently scraped twice with a scalpel blade to collect endothelial cells, washed again in phosphate-buffered saline, and scraped again, more firmly, to collect smooth muscle cells. The cells were then seeded in 24-well plates where colonies of cells expanded. These cells were trypsinized, re-plated, and used as stock cultures; the endothelial and smooth muscle nature of these cells was established as described previously [18, 19] .
Fibroblast Cells: The human, fetal lung fibroblast cell line W138 was used as the source of these cells.
All cell types were maintained in Dulbecco's modified Eagle's medium with 10% newborn bovine serum and supplemented with L-glutamine, penicillin, and streptomycin. The cells were used between passage 5 and passage 10.
Migration Assay Angiogenic HA oligosaccharides (pool 1, pool 2, or pool 3), diluted in D ulbecco's modified Eagle's medium, were added to the lower chamber of a Millipore "Swinnex" filter unit, which was then sealed [20] . 2 X 10 5 cells (BAEC, fibroblasts, or smooth muscle cells) were added to the upper chamber and the entire unit was maintained at 37"C for 8 -14 h. At the end of the incubation period, the fi lters were removed from the units and the cells were fixed in bufferred formalin and stained with hematoxylin. After washing and dehydration, the filters were cleared in xylene and Rat number * Significant increase.
mounted. The degree of cell migration was assessed by the number of cells present on the lower side of the filter.
RESULTS
Effect of HA Oligosaccharides on Blood Vessel Number
The addition of HA oligosaccharides to rat skin had no adverse effect on the morphology of the skin (data not shown). Treatment with HA produced an increase in blood vessel number in seven of 11 rats (six of seven significantly increased), whereas two of 11 rats exhibited no change and a further two of 11 exhibited a decrease (one significantly different, rat 4) when compared with controls ( Fig 2) . The overall mean blood vessel number per millimeter was significantly higher in treated rats than in control rats (Table I) .
Penetration of Radiolabeled HA into Skin When applied to the epidermis, radiolabeled HA was found to penetrate rat skin to a maximum depth of approximately 800 j1.m (Fig 3) . The highest values of radioactivity were found at the surface of the skin; however, values in excess of 400 dpm were evident at a depth of 500-700 j1.m (Fig 3) , considerably deeper than the maximum depth looked at when counting blood vessel numbers above, suggesting that the oligosaccharides can easily diffuse into the dermis when applied topically. SDS-PAGE of radiolabeled HA extracted from individual tissue sections after the 4-h penetration period failed to identify the size of the penetrated HA.
Specificity of HA Oligosaccharides to Endothelial Cells
Only HA oligosaccharide pool 3 stimulated BAEC migration; pools 1 and 2 had little effect (data not shown). Figure 4 demonstrates that HA oligosaccharides from pool 3 selectively stimulated BAEC Distance towards skin surface from fatty side (J1m) Figure 3 . [3HJ-HA incorporation through skin. 34,000 dpm of radiol abeled HA oligosaccharides (six disaccharide units in length) were applied to shaved skin and left for 4 h. Penetration was determined by removing the skin and sectioning from the fatty side upwards, i.e., towards the surface, followed by counting in a scintillation countcr. Depths of pcnetration were evaluated by calculating backwards from the maximum value at the skin surface.
migration through a Millipore filter in a dose-response manner yet had little or no effect on smooth muscle cells or fibroblasts. Smooth muscle cells consistently exhibited a greater degree of migration than BAEC; however, this migration was observed when no HA oligosaccharides were present and the apparent increase in cell migration when HA was added was not significant (Fig 4) .
DISCUSSION
The results presented here demonstrate that angiogenic oligosaccharides ofHA (pool 3) are capable of penetration through skin to a depth of approximately 800 j1.m . These oligosaccharides specifically stimulate endothelial cells and result in an increased vascularity in HA treated skin in six of 11 rats. Only the numbers of blood vessels were counted in this study; no attempt was made to calculate the area of the vessels or their distribution.
An attempt to analyze the size of penetrated, radiolabeled HA from tissue sections, by SDS-PAGE, was unsuccessful. Consequently, we are unable t<;> state ~hether th~ applied HA re~ained intact or was degraded pnor to skm penetration and endothehal cell activation.
The mechanisms controlling the penetration ofHA oligosaccharides through the epidermis and subsequent angiogenesis are unknown. Endothelial cells are capable of binding to HA (both high molecular weight and oligosaccharides) via HA cell surface receptors [21, 22] and the tips of induced capillary sprouts have been shown to be associated with HA [23] but how such binding regulates the initiation of angiogenesis and subsequent migration is unclear. The hydrophilic nature ofHA does not appear to hinder skin penetration just as it does not hinder the penetration of other glycosaminoglycans, mucopolysaccharides, and hormone analogues through skin (some of which are of a considerably higher molecular mass than the HA added here) [24 -26] . The methods of penetration of these other molecules are unclear but it is apparent that the molecules retain their biologic activity.
In a recent study, we have found that the addition of these same angiogenic HA oligosaccharides to BAEC cultures results in increased cell proliferation together with enhanced synthesis of type I and type VIII collagens [16] . Both these collagens have been implicated in angiogenesis [27 -29] . Type I collagen is thought to provide a substratum for endothelial cell migration during capillary sprout formation [27,28] and although the biologic function of type VIII collagen has yet to be fully elucidated, it is thought to playa role in the formation of endothelial cords and tubes [16, 30, 31] . Thus, the addition of angiogenic oligosaccharides ofHA to the skin roay influence cell proliferation and collagen synthesis by endothelial cells resulting in increased cell migration and capillary formation and may explain the increase in blood vessel content of the treated skin.
Topical application ofHA has also been demonstrated to accelerate wound healing with reduced tissue fibrosis [32, 33] . This may be related to the fact that embryonic skin, which has a high HA content, exhibits little scarring if wounded [34] and may imply that the addition ofHA to wounds makes the repairing tissue more "embryonic" in nature. A similar return to a "younger" state may be the result of adding HA to normal skin as reported here. The molecular mechanisms that trigger endothelial cell activation following exposure to HA oligosaccharides are being examined at present.
Whatever the physiologic responses to the application ofHA, it is clear from this report that HA is absorbed through skin and exposure of dermal tissue to this exogenous HA may be able to counteract the observed reduction in HA synthesis associated with ageing.
These findings may also be relevant to the late tissue damage that can occur to the skin of patients receiving radiotherapy where much of the damage results from progressive vascular deterioration [9, 35] . The addition of HA to endothelial cell cultures can significantly protect the cells from radiation-induced damage [Kumar S, Ponting ], Pye 0, Kumar P, Hunter R: Anticancer Res 12:2338, 1992 (abstr)] and it is feasible that the application of angiogenic HA oligosaccharides may be able to ameliorate radiation-induced vascular damage.
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